Reports of horizontal transposon and gene transfers involving metazoan species has increased with the sequencing of their genomes. Horizontal transfer could be facilitated by the intimate relationship between a parasite and its hosts. To date, two studies have identified horizontal transfer of RTEs, a class of retrotransposable elements, involving parasites: ticks might act as vector for BovB between ruminants and squamates, and AviRTE was transferred between birds and parasitic nematodes. We wanted to know if parasitic nematodes are involved in other cases of horizontal transfer of RTEs. We searched 33 mammalian RTEs in 81 nematode assemblies, and 10 nematode RTEs in 98 mammalian assemblies. We identified RTE1 Sar from Sorex araneus, the common shrew, in parasitic nematodes and show that it originates from nematodes. To exclude contamination of the S. araneus assembly, we developed an approach that uses long reads and paired-end reads. With phylogenetic analysis and copy age estimation, we show that RTE1 Sar was horizontally transferred from nematodes to S. araneus. We confirm horizontal transfer of RTEs in host-parasite interactions, and we present a new method to distinguish between contamination and horizontal transfer.
Introduction
Transposable elements, or transposons, are vertically transmitted in eukaryotes. In some cases however, a transposon might be horizontally transferred to a different species. BovB (Bovine-B), a retrotransposable element present in ruminants and squamates, has been extensively studied as first case of a horizontal transfer of a retrotransposable element between eukaryotes [1, 2, 3] . Recently, two other cases of horizontal retrotransposon transfer have been reported: AviRTE has been detected in birds and human parasitic nematodes [4] , and LINE-1 has possibly been transferred between marine eukaryotes [3] .
It has been hypothesized that transposons survive longer if they acquire a new host through horizontal transfer by escaping host silencing mechanisms [5] . Although the mechanisms of horizontal transposon transfers (HTTs) are still unclear, they could be facilitated by parasites and pathogens [5, 6, 7] . Parasites have long lasting, physical contact to their hosts, which increases the chances of HTT either directly or through a secondary pathogen. The ectoparasitic ticks and bed bugs and their hosts have horizontally transferred BovB [2] and SPIN [6] , respectively. Examples from endoparasites include AviRTE transferred between filarial nematodes and birds [4] , and the transposon hsmar1 shared between hookworms humans [8] .
After being horizontally transferred, transposons can have significant impact on the recipient organisms. Transposons proliferate in the host genome and increase the genome size. Transposons and their intra-genomic movement lead to changes in a species' genotype and phenotype (reviewed by [9, 10] ).
Inter-species transfer of transposons have been shown to support the creation of new genes [11] .
It is important to distinguish horizontal transfer from contamination of genetic material added during the sequencing process. This is not a simple task but necessary if we are to understand if and how frequent horizontal transfer occurs and what evolutionary forces shape these events. Contamination has been previously erroneously identified as horizontal transfer in the literature [12] . Given the close physical and molecular association between a parasite and its host, determining horizontal transfer is greater challenge.
Given the previously documented horizontal transfers of BovB and AviRTE, are RTEs more prone to horizontal transfer between parasites and hosts than between free-living species? To answer this question, it is necessary to comprehensively survey the rates of horizontal transmission for all types of genome elements across the tree of life. To this end, we investigated mammalian and nematode RTEs to identify potential transfers between parasitic nematodes and their hosts. We identified RTE1 Sar in nematodes and S. araneus, and BovB from cattle and sheep in nematodes. BovB has been analyzed previously in multiple studies, but has never been reported in nematodes, which lead to the question of whether the presence of RTE1 Sar and BovB resulted from misassemblies due to contamination from/to endoparasites. To exclude contamination, we searched for contamination of other genomic elements in S. araneus from the same nematode species that harbour RTE1 Sar, but found none. For H. contortus, long reads were available which we exploited to distinguish between HTT and contamination, and found that BovB is a contaminant. We then aimed to develop a similar read-based approach with short, paired-end reads for RTE1 Sar in S. araneus. We confirmed horizontal transfer of AviRTE in birds and nematodes with the long reads approach, and used AviRTE as positive control and BovB as negative control for the short reads approach. The short read-based approach takes advantage of paired-end reads, where only one of the read mates codes for a transposon. This approach was successful, and confirmed that RTE1 Sar in S. araneus is endogenous. We then tested for horizontal transfer of RTE1 Sar between S. araneus and nematodes by estimating a phylogeny and relative RTE1 Sar copy ages. We found that RTE1 Sar was horizontally transferred between an unsampled parasitic nematode and S. araneus after the split of the lineages leading to Soricinae and Erinaceus ca. 64 million years ago (mya) [13] . Our results emphasize the importance of checking for contamination as a spurious indicator of horizontal transfer, but also reveal novel cases of HTT.
Results

Horizontal transfer of RTEs between parasitic nematodes and their hosts is not common
To detect potential cases of horizontal transfer of RTEs between parasitic nematodes and their hosts, we performed reciprocal sequence similarity searches. We used BLAST to compare 33 mammalian RTEs (RepBase2014 [14] ) to 81 nematode genomes (WormBase ParaSite 6 [15] ), and in addition 10 nematode RTEs to 98 mammalian genomes (RefSeq [16] , List of RTEs and genomes in Supplemental Files 1 and 2). To reduce false positives, at least 10 RTE copies were necessary per species.
We detected two RTEs, RTE1 Sar from the common shrew (S. araneus) and BovB from cattle and sheep (Bos taurus, Ovis aries), in nine and two nematode species, respectively ( Table 1 ). All of the identified nematode species are parasites of mammals. RTE1 Sar-containing nematodes Nippostrongylus brasiliensis and Angiostrongyloides cantonensis have been found in the asian house shrew Suncus murinus [17] , which, with Sorex, is a member of the family Soricidae.
Contamination in the S. araneus genome assembly does not confound RTE1 Sar HTT Contamination of genome assemblies is common and must be considered when analyzing for HTT. To determine whether nematode DNA, including RTE1 Sar, may have contaminated the library preparation of the shrew genomic DNA, we assessed the general assembly quality and tested for any contamination from other organisms. If the S. araneus genome assembly contains other genes from nematodes with RTE1 Sar, it is more likely that RTE1 Sar is also a contaminant of the genome.
We used BUSCO [18] to determine the assembly quality of S. araneus by testing for the presence of conserved genes. The assembly had a completeness score of 88% (Table S1), above the average of vertebrates in Ensembl ( Figure S1 ).
To identify potential contamination of the S. araneus assembly, we taxonomically partitioned the sequence reads from S. araneus with BlobTools [19] . We aligned the sequence reads to the reference assembly with bowtie2 [20] and compared the reads with DIAMOND [21] against a UniProt Reference Proteomes database. Of the 2.5 billion sequence reads, 74% mapped to the S. araneus assembly.
BlobTools estimated that 7% of the aligned reads are of nematode origin, and 67% are from Chordata ( Figure S2 ). The nematodes are from the distantly related orders of Trichocephalida and Strongylida, respectively Clade I and Clade V [22] . The majority of the reads that mapped to nematode aligned best to species of the genera Trichuris or Trichinella, both members of the order Trichocephalida ( Figure 1 ).
The remainder aligned best to species of the order Strongylida. In contrast to the Trichocephalida reads, those of the Strongylida exclusively aligned to the RTE1 Sar sequence. This finding is consistent with contamination from Trichuris/Trichinella genomic DNA but not from the Strongylida species.
Test with long reads and read mates reliably identifies horizontal transfer
To further investigate if RTE1 Sar in S. araneus results from horizontal transfer, we developed a new, targeted approach that can distinguish horizontal transfer from contamination. Our approach is to reliably determine the origin of reads that contain potential horizontally transferred transposon by matching them to either donor (other) or recipient (self) taxon. If matched to recipient taxon, the transposon is horizontally transferred. If the reads originate from the donor species, they are contaminants. The method includes different approaches depending on the type of data sets are available. We included a positive and negative control. First, we tested if BovB, a transposable element of mammalian origin which we found in textitH. contortus and O. ochengi, results from contamination is as such suited as negative control. We suspected that the observation of BovB in these nematode assemblies was a consequence of contamination with host DNA of sheep (O. aries) and cattle (B. taurus), respectively. PacBio long reads of H. contortus were publicly available. We identified reads with BovB, masked them for repeats with RepeatMasker, and mapped them to the two databases as explained above.
95% of BovB-containing long reads (7649 of 8079) originated from a mammal species, not from a nematode. Therefore, the most likely explanation is that BovB transposons in the H. contortus assembly are contamination from the host. The absence of long reads for O. ochengi prevented us from carrying out a similar test.
We developed three different approaches to determine the origin of reads encoding RTEs, depending on whether the type of sequence data are long reads or paired-end reads, and a reference genome is available. The three approaches were: 1) Long reads: identifying the taxon of origin of the long reads containing one of the RTEs as described above, 2) Reference-based, paired-end reads: aligning the read pairs to the genome assembly, identifying read pairs of which one mate aligned to one of the RTEs and identifying the taxon of origin from the mate, and 3) Non-referencebased, paired-end reads: identifying reads encoding for one of the RTEs and determining the taxon of origin for the non RTE encoding mate All approaches agreed that: 1) RTE1 Sar is not contamination in both S. araneus and H. contortus, 2) our positive control, AviRTE, is not contamination in either bird nor nematode (Tinamus guttatus/C. anna; Loa loa), and 3) our negative control, BovB in H. contortus, is contamination ( Figure 3 ). This shows that these approaches can be used to distinguish between horizontal transfer and contamination.
The approaches differ however in the number of informative reads. In all but one case, BovB in H. contortus, the reference method reports more reads than the non-reference method. The non referencebased method results in the lowest number of informative reads, which makes it only suited for larger data sets and the reference-based method the preferred approach if long reads are unavailable.
RTE-1 Sar originates from nematodes
We investigated the origin of RTE1 Sar, a transposon originally found in and named after S. araneus. We found RTE1 Sar in nine nematode species, all members of the Trichostrongyloidea superfamily. Within the mammals, our searches showed that RTE1 Sar is found only in S. araneus. We have previously shown that mis-assembly of the genome can be responsible for the perceived absence of a gene [23] , which can also be the case for a transposon if only few, old or fragmented copies exist. Therefore, we searched for RTE1 Sar in the short sequence reads for species of the order of Eulipotyphla, for which genome projects are available: the European hedgehog Erinaceus europaeus, the Hispaniolan solenodon Solenodon paradoxus woodi and the star-nosed mole Condylura cristata, each representing a different family within the Eulipotyphyla. We found no significant hits (e-value below 1e-10, sequence identity above 75%) in any of these species. This confirms that the taxonomic distribution of RTE1 Sar spans multiple nematode species with divergent host specificities and only one mammal. This strongly suggests that RTE1 Sar arose in nematodes and subsequently transferred to S. araneus.
RTE1 Sar was horizontally transferred from parasitic nematodes to the common shrew
To support the hypothesis of horizontal transfer of RTE1 Sar, we estimated a phylogeny and relative RTE1 Sar copy ages. S. araneus RTE1 Sar copies are highly similar to nematode copies ( Figure S3 ), indicating that RTE1 Sar could have been horizontally transferred from nematodes. We estimated the phylogeny of RTE1 Sar. We built consensus sequences from the RTE1 Sar sequences previously identified with BLAST, and built a phylogeny with MrBayes usingRTE1 from C. elegans as outgroup.
In the resulting phylogeny, RTE1 Sar of S. araneus is the sister clade to RTE1 Sar in H. polygyrus and N. brasiliensis, which are parasites of rodents (Figure 4) . To assess the RTE1 Sar repeat landscape and the age of RTE1 Sar copies, we compared the sequences of RTE1 Sar copies to the reference consensus sequences for each species and calculated the Kimura distance with RepeatMasker. The more similar a copy is to the consensus sequence, the shorter is its distance and the younger its age. The Kimura distances of RTE1 Sar copies are shorter in S. araneus than in nematodes ( Figure 5 ). Older copies in nematodes have a Kimura distance of up to 50, while the oldest copies in S. araneus have a Kimura distance of under 40. We did not observe a sudden replication burst for older copies in S. araneus. Most species, including S. araneus, have a higher amount of younger copies, especially A. ceylanicum, An. cantonensis, An. costaricensis, and H. polygyrus.
Discussion
HTTs occur frequently in metazoa, with 2772 reported cases on HTT-DB [24] (last accessed 5th September 2018). Some species are more prone for HTT than others, such as parasites that might facilitate HTTs [5, 7] . Two cases of horizontal retrotransposon transfer include parasites either directly (AviRTE) or as vector (BovB). The purpose of this study was to identify potential horizontal RTE transfer between parasitic nematodes and their hosts in order to better understand the frequency of HTT between hosts and parasites. We identified a third RTE, RTE1 Sar, that has been horizontally transferred between parasites and their hosts.
RTE1 Sar, although annotated as transposon from S. araneus, originates from nematodes. We found that S. araneus is the only mammal with RTE1 Sar, and a previous study showed that RTE1 Sar is closer related to insect and nematode RTEs than to mammalian RTEs [4] . This shows that the transposon annotation in Repbase does not necessarily represent the species or lineage of origin, but the species in which the transposon was first identified. This needs to be considered in future studies, especially those investigating horizontal transfers.
Distinguishing between horizontal transfer and contamination is not easy. Careful analyses in the tardigrade [12] and the kleptoplastic sea slugs [25, 26, 27] over-turned earlier pronouncements of horizontal gene transfer. We identified RTE1 Sar in parasitic nematodes, and have shown with subsequent analysis that it is not a contaminant in either nematodes or shrew. We designed a protocol to differentiate between contamination and horizontal transfer with long and short reads. Long reads are more reliable than short reads, because they are continuous and contain more base pairs, which provides more information than short read mates with the same fragment length. In the absence of long reads for S. araneus, we used paired-end short reads and validated them with PacBio long read libraries from H. contortus, L. loa and C. anna, including positive and negative controls. The read mate approach provides the same answers as the long read approach, which confirms it as a reliable method to test for contamination when no long reads are available.
S. araneus RTE1 Sar is the sister taxon of RTE1 Sar from H. polygyrus and N. brasiliensis. There are two possibilities for the horizontal transfer of RTE1 Sar into S. araneus, either from an unsampled parasitic nematode which is closely related to the two nematode species, or their common ancestor. The transfer happened after the split of the Soricinae and Erinaceus lineages which occurred ca. 64 million years ago (mya) [13] , since we did not detect the element in E. europaeus, the closest related species to S. araneus with a sequenced genome.
We have analyzed the relative ages of RTE1 Sar copies across all species to describe the RTE1 Sar landscape and to discover potential replication bursts that might follow horizontal transfers. We did not however observe sudden replication bursts of older copies in the shrew. Replication bursts indicate a horizontal transfer: genomes newly exposed to a transposon would not have any specific defense mechanisms, which allows for faster replication. The absence of replication bursts could be explained by pre-existing defense mechanisms from similar transposons.
We do not know the mechanisms of horizontal transposon transfer, but we suspect that there is a higher chance of HTT between physically or spatially connected species, such as parasites and their hosts. The most encompassing HTT study so far was conducted in insects, and found that transposons are more likely to be transferred to species sharing closer habitat space [28] . We are still lacking truly comprehensive studies encompassing possible transmission routes between classes or even kingdoms.
Venner et al. suggested the use of networks to find transposon transmission routes between interacting
species, including parasites and pathogens [29] . By knowing the organisms involved in HTT, we will be able to narrow down possible transfer mechanisms. Both viruses and endosymbiontic bacteria have been suggested as vectors [30, 5, 4, 31] . With respect to nematodes, horizontal gene transfers from prokaryotes have been identified [32, 33, 34] . Beneficial plant cell wall-degrading enzymes were transferred from prokaryotes to plant parasitic nematodes [32] . HTT could have equally important impact on a species.
Conclusion
By understanding horizontal transposon transfers we get one step closer to understanding host-parasite interactions and their consequences on genome evolution. Here, we demonstrated that RTE1 Sar has transferred from parasitic nematodes to S. araneus, and we presented a new method to distinguish contamination from horizontal transfer. We confirm, in addition to studies of BovB and AviRTE, that RTEs can jump between species in close associations such as parasites and their hosts. More studies are needed to estimate the frequency of horizontal transfers, and to investigate the diverse effects this can have on the new host, its genome and its interactions with the environment.
Methods
RTE detection in genome assemblies of nematodes and mammals
To screen for RTEs of nematodes and mammals in the respective other taxon in order to identify potential horizontal transfers, we used reciprocal similarity searches. We downloaded 10 nematode and 33 mammal RTEs from Repbase Update (version 21.04.14) [14] . We obtained all representative mammalian genomes from RefSeq [16] (98 total), and all nematode genomes from Wormbase Parasite 6 [15] (81 total). We compared the RTE sequences to the genomes with BLASTn [35] (v2.4.0+, blastn -evalue 1e-10) searches, and filtered the results using a length cutoff of 100bp. We extracted the genomic locations of each hit from the genome using Bedtools v2.24.0 [36] while filtering duplicates, and used BLAST to extract the nucleotide sequences. We performed a best hit reciprocal similarity search to compare the extracted sequences back to the Repbase database.
S. araneus genome quality and contamination
To test for genome completeness, we quantified the number of conserved genes present in the assembly of S. araneus (SorAra2.0, GCA 000181275.2) using BUSCO v3.0.2 [18] .
We used BlobTools v1.0 [21] to detect contamination in the S. araneus genome. We used Bowtie2 v2.3.3.1 [20] to align sequence reads to the genome (default settings). The sequence reads were downloaded from the NCBI SRA (Bioproject PRJNA13689). To determine the taxonomy of contamination, we used DIAMOND v0.9.10 [21] and compared the genome assembly against a UniProt Reference Proteomes database [37] (downloaded November 2017, diamond blastx --max-target-seqs 1 --evalue 1e-25 --sensitive).
RTE1 Sar detection in sequence reads of Eulipotyphla
We searched for RTE1 Sar in the sequence reads of three additional Eulipotyphla species. We downloaded the sequence reads of C. cristata, E. europaeus, and S. paradoxus woodi from the NCBI sequence read archive [38] (BioProjects PRJNA74585, PRJNA368679 and PRJNA72447), and the amino acid sequence of the open reading frame (ORF) of RTE1 Sar (RTE1 Sar 1p) from Repbase. We used DIAMOND [21] to identify the ORF in the sequence reads (diamond blastx --sensitive). The results were filtered for sequence identity above 75% and e-values below 1e-10.
Phylogeny
We estimated the phylogeny of the RTE1 Sar sequences across species to understand the relationship of RTE1 Sar in S. araneus and nematodes. For each species, we aligned all identified RTE1 Sar sequences with MAFFT v7.310 using the accuracy-oriented method 'E-INS-i', and built consensus sequences from the alignments with hmmbuild and hmmemit (HMMER v3.1b2, [39] ). We aligned the species' consensus sequences of RTE1 Sar with MAFFT and built a phylogenetic tree with MrBayes v3.2.6 [40] (GTR model with gamma distribution, 12 * 10 5 generations run length).
Relative age distribution
We calculated the Kimura 2-parameter distance (excluding CpG sites) using the package calcDivergence-FromAlign.pl from RepeatMasker for all RTE1 Sar and RTE1 copies to their species specific consensus sequence as estimation of the relative age of each copy compared to the species consensus sequence. We plotted the age distributions with R [41] .
Determination of the taxon of origin of RTE encoding sequence reads
To determine whether sequence reads with RTEs originated from the sequenced organism and not from contamination, we compared them to two respective databases. We used three different protocols, one for long reads and two for paired-end reads.
Long reads
We downloaded PacBio long reads for H. contortus, C. anna and L. loa (Bioprojects PRJEB2252, PRJNA289277: 100 pM loading concentration, and PRJNA246086). We searched for the respective RTEs (RTE1 Sar, AviRTE CAn (C. anna), BovB from Bos taurus) with diamond blastx in the sequence reads (diamond blastx --more-sensitive), using the ORFs (open reading frames) of the RTEs. The ORF sequences were aquired from RepBase. The fasta sequences of reads with hits were extracted from the fastq files with seqtk v1.2-r94 (https://github.com/lh3/seqtk) and masked for transposons with RepeatMasker against RepBase (2018). The masked sequences were then blasted (blastn -evalue 1e-10) against two databases to find the origin of the read pair. The databases consisted of the genomes from nematodes and mammals or birds (Refseq, n=97) respectively. The hits were ranked by bitscore, and hits to the genome(s) of the tested species were discarded.
Reference-based: Illumina mates aligned to reference assembly
We downloaded paired-end sequencing reads from NCBI for H. contortus, T. guttatus and S. araneus (Bioprojects PRJEB4207, PRJNA212876 and PRJNA13689). We annotated the reference assembly for locations of the respective RTE with RepeatMasker, and produced a bedfile by filtering for alignments with sequence divergence under 20% and longer than 200bp. We aligned the paired-end reads to the genome with Bowtie2 and filtered for reads overlapping the annotated RTE regions with Bedtools intersect. We used Samtools [42] to discard read pairs if both mates overlapped RTE regions, and kept the singletons. The singletons and their mates were screened for transposons in Repbase: singletons reciprocally mapping to the RTE were kept, and their mates masked for all repetitive elements. The mates were then mapped against two databases as described above.
Non reference-based: Illumina mates without reference assembly
We downloaded paired-end sequencing reads from NCBI for H. contortus, Tinamus guttatus and S. araneus (Bioprojects PRJEB4207, PRJNA212876 and PRJNA13689) and filtered the sequences for quality with seqtk (seqtk seq -q20). The filtered reads were scanned for the respective RTE (RTE1 Sar in S. araneus, AviRTE in T. guttatus, and 17 BovBs in H. contortus (List of BovBs see Supplemental File2).
Mates of reads with reciprocal hits that do not contain the respective RTE were searched (blastn -evalue 1e-03) against the two databases mentioned above.
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